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ABSTRACT 
Dinuclear rhodiwn(I) complexes, such as [Rh(µ-Cl)(C2H4)2]2 (1) 
are irreversibly adsorbed onto the surface of partially dehydroxylated 
alwnina_ (PDA) by mixing the complexes with the alwnina in a solvent such 
as methylene c�loride. The supported complexes are spectroscopically 
characterized by ESCA; solid stated 13c NMR, and attenuated total 
reflectance infra-red studies. 
The supported complex (1) has been found to exchange ethylene for 
1, 5-cyclooctadiene and carbon monoxide and is catalytically active in 
reactions with diazoalkanes. The reaction of (1) with 4, 4'-dimethyl­
diazobenzophenone (4, 4'-DMBP) in the presence of excess olefins gives 
one carbon extended olefins. When (1) is reacted with 4, 4'-DMBP in the 
presence of ethylene, 1, 1-di-p-tolylpropene is observed, and when this 
reaction is done in the presence of 1-octene, 1, 1-di-p-tolylnonene is 
observed. 
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CHAPTER I 
INTRODUCTION 
The first attempts to anchor or attach transition metal com­
plexes, to polymer or inorganic supports were reported in the 1960's 
with rapid growth and development occurring in the 1970's. The idea of 
supporting complexes on surfaces arose from problems observed in trying 
to apply homogeneous catalysts to large scale processes. Homogeneous 
catalysts were known to perform under mild reaction conditions and to be 
highly selective. However, the difficulty in separating the catalyst 
from the products, and the instability of these catalytic systems proved 
to be a disadvantage when trying to apply them industrially.1 There­
fore, researchers began to study the catalytic reactivity of supported 
complexes of known homogeneous catalysts. These new catalysts were 
heterogeneous with respect to the reaction medium; thus they were named 
hybrid catalysts. 
This author's study of supported rhodium olefin complexes was 
derived from interest in the reactivity of rhodium olefin complexes in 
solution. Sixteen-electron rhodium olefin complexes were known to 
exchange ethylene for other, two electron donating ligands.
2 
Cramer 
found that the displacement of ethylene from acacRh(C2H4)2 by 
nucleophiles (such as CO, CN-, phosphines, amines, etc.) was very fast 
(greater than 104 sec-1 at 25 ° C). This exchange was found to occur via 
an associative bimolecular substitution mechanism which had been 
observed for other d8 square-planar complexes3 (see Figure 1). The 
acacRh(C2H4)2 molecule is a square-planar sixteen-electron complex. It 
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Figure 1. Reaction of (acac)Rh(C2H4)2 with a nucleophile (Nu). 
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can accommodate, in its coordination sphere, two additional electrons of 
an entering ligand to form a penta-coordinate intermediate. This inter­
mediate then loses an ethylene ligand to complete the exchange process. 
In this work, t�e reactivity of [Rh(µ-Cl)(C2H4)2]2, a sixteen­
electron complex, was investigated. It was assumed that the 
[Rh(µ-Cl)(C2H4)2]2 complex exchanged ethylene via the same mechanism as 
acacRh(C2H4)2 because the chemical structure and the valence electron 
count of both complexes were similar. The exposure of [Rh(µ-Cl)(C2H4)2]2 
to 1,5-cyclooctadiene, at room temperature, resulted in the rapid 
exchange of both ethylene ligands for the chelating diene (1,5-cyclo­
octadiene). The [Rh(µ-Cl)(C2H4)2]2 complex was also found to exchange 
ethylene for carbon monoxide (equations (1) and (2)). 
Since it was found that the sixteen-electron rhodium ethylene 
complex exchanged ethylene for 1,5-cyclooctadiene and carbon monoxide, 
the rhodium ethylene complex was reacted with 4,4'-dimethyldiazo­
benzophenone to determine whether it would catalytically decompose 
diazoalkanes and form olefin metathesis products. Also, it was of 
interest to determine whether the rhodium ethylene complex could be used 
as a model for various intermediates in olefin metathesis. The generally 
accepted mechanism for olefin metathesis was first proposed by Chauvin.4 
3 
In the Chauvin mechanism, there are two key steps: 
(1) Generation of an initial metallocarbene catalyst 
M + ? � 
(2) propagation through a carbene-olefin interchange. 
+ + 
This thesis will describe the preparation, characterization, and 
reactivity of new hybrid catalysts. The main goals of this study are: 
(1) to develop simple procedures to adsorb, irreversibly and 
reproducibly, rhodium olefin complexes onto 7-alumina 
(2) to characterize these surface bound species by comparing the 
surface bound species with the solution precursor and by 
determining their mode of attachment to the alumina surface 
(3) to explore the chemistry of these surface bound species by 
comparing simple ligand exchange reactions and by investi­
gating their catalytic reactivity. 
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A. Introduction 
CHAPTER II 
ELECTRON SPECTROSCOPY 
Electron Spectroscopy for Chemical Analysis (ESCA) is a technique 
in which atomic core binding energies of inner shell electrons in 
molecules are obtained by bombarding a sample with a monoenergetic beam 
of X rays. It is sensitive to all elements except hydrogen and helium, 
and there is very little systematic overlap of spectral lines. ESCA is 
an excellent technique for the analysis of species (i.e. well-defined 
surfaces, powders, etc.) because it can provide information about the 
chemical state of a surface species. 
The use of soft (low-energy) X rays in ESCA is an advantage over 
other surface techniques because the photons used in ESCA are less 
destructive than the electrons of Auger spectroscopy and ions of Ion 
Neutralization spectroscopy.5 In most cases, the soft X-rays of ESCA do 
not cause decomposition. Another advantage of ESCA involves the escape 
depths of the ESCA electrons. Typical ESCA electrons have kinetic 
energies of approximately 100-1500 eV with escape depths of approxi­
mately 20 A. 6 This no�inal electron escape depth ensures that the 
information provided by ESCA pertains to the surface layer of the sample 
(see Figure 2). 
B. Theory of Electron Spectroscopy 
ESCA is based on the photoelectric effect which was first stated 
by Einstein. Einstein's experimental work showed that there was a 
threshold in frequency below which light, regardless of its intensity, 
5 
6 
Contamination Layer 
Surface Layer Sampled 
Bulk 
Figure 2. Model for a real surface. 5 
fails to eject an electron from a metallic surface.7 This is a conse­
quence of the postulate that light is quantized (i.e. light consists of 
photons of energy), 
E - nhv (3) 
where h is Planck's constant and v is the frequency of the emitted 
radiation. The threshold frequency, vc, corresponds to the minimum 
energy required to remove an electron from the metal. This energy is 
denoted as e�, where e is the magnitude of the electronic charge and ; 
corresponds to the work function of the metal (typical values range 
between 2 and 6 eV), 
(4) 
'When higher frequency light is used, the photoelectrons emerge 
from the bulk sample with a maximum energy, KE, which reflects that the 
photon energy, hv, is greater than the work function,;. This relation­
ship may be expressed in the following way, 
KE - hv - et/,. (5) 
The maximum kinetic energy of an electron is associated with electrons 
which are emitted from the highest lying occupied states of the metal, 
known as the Fermi level. Electrons which lie below the edge of the 
conduction band emerge with less energy, 
KE - hv - Es - e; (6) 
where Es is the binding energy of the electron, see Figure 3. If the 
energy of the photon is much greater than that of the work-function, the 
kinetic energy spectrum will represent the distribution of occupied 
bound states. Therefore, photoelectron spectroscopy is a technique for 
the imaging of the electronic states of atoms, molecules, and solids. 7 
7 
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Band 
f f 
Metal 
�in 
Spectrometer 
Figure 3. Energy level diagram for photoemission.7 
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There are two fundamental processes in electron spectroscopy: 
electron ejection and electronic relaxation, see Table I. Electron 
ejection can be induced by either photons or electrons. Photoionization 
can produce either ESCA or Auger electrons while electron-ionization 
will produce only Auger electrons. The ESCA process is characterized by 
the photoejection of an inner shell electron (for example, a ls electron 
is ejected). Once an electron has been ejected, two types of electronic 
relaxation can occur: X-ray fluorescence or Auger emission. In X-ray 
fluorescence, for example, a 2p electron will drop to fill the ls hole 
and a photon will be emitted (this is called Ka X-ray emission). Auger 
emission takes place when a 2p electron drops to fill the ls hole, and 
another 2p electron is simultaneously ejected to produce a doubly 
positive species (this is called a KLL Auger emission). Figure 4 
summarizes the relationship between ESCA, X-ray fluorescence, and Auger 
processes. 
The energetics of the ESCA process allow one to determine the 
"binding energies of core atomic electrons.in molecules. The energy of 
an ejected core electron in an ESCA experiment is distributed among four 
processes: binding energy, EB; the work function of the spectrometer, 
�sp; recoil energy, ER, which arises from the necessity of distributing 
the kinetic energy in the photoelectron process; and kinetic energy, KE. 
The binding energy is the energy of the core electron relative to the 
Fermi level of the sample. The work function of the spectrometer is the 
energy necessary to raise an electron from the Fermi level to the level 
of a free electron. The recoil energy is a result of the conservation 
of momentum brought about by the photon ejection process. This has been 
9 
Table I 
Fundamental Processes in Electron Spectroscopy. 
Electron Ejection 
1. Photoionization 
A + hv ➔ A+* + e 
2. Electron Bombardment 
A + e1- ➔ A+* + e1- + e2 
Electronic Relaxation 
1. Photon Emission (or X-Ray Fluorescence) 
A+* ➔ A+ + hv 
2. Auger Emission 
A+* ➔ A++ + e2 
10 
h1 e/ 
2p 1L1L 1L 1l1k1L 1L1L1L 
1l 
e-
1s 10 j 0 
X-Ray Auger 
Figure 4. Diagram of ESCA, X-ray, and Auger processes (empty circles 
refer to holes in the electron orbitals). 
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found to be negligible for electron ejection from light atoms and from 
atoms heavier than lithium when Al Ka radiation is used.8 Finally, the 
kinetic energy refers to the energy of the electron in space after it 
has left the sample. The kinetic energy is the parameter which the 
spectrometer measures. With the knowledge of all the above energies, 
the binding energy can be determined from the following equation 
(5) 
Since the recoil energy is negligible, the uncertainty in the measured 
binding energy will arise from either an uncertainty in the photon 
energy, hv, or the binding energy of the core electron itself (with the 
work function being constant), 
EB - hv - KE - ;sp· (6) 
This surface technique allows the spectroscopist to obtain 
qualitative as well as quantitative information. Qualitatively, ESCA 
will provide photoelectron peaks for all elements of the periodic chart 
except hydrogen or helium. Therefore, it is an excellent technique for 
obtaining crude elemental analyses. 
ESCA can also provide quantitative information about how much of 
a certain atom exists in a sample. The integrated intensity of the ESCA 
signal is a function of the amount of material present in the sample. 
The intensity of the ESCA signal is also dependent upon the mean free 
path (MFP) of the electrons and the efficiency of absorption of the X­
rays. The MFP of electrons varies with the kinetic energy of the 
electrons and the composition of the matrix. It has been discovered 
that the scattering interactions of free electrons with other electrons 
and plasmons in solids tend to maximize around 50 ev.9 The kinetic 
12 
energies of most electrons in ESCA experiments are above 100 eV; 
therefore, electron scattering will be minimized. The MFP of electrons 
in metals is on the order of 5-20 A and in oxides 15-40 A.9 
The efficiency of X-ray absorption is also important because it 
can increase the sensitivity of the measurement. The sensitivity of an 
element will be high if the cross section of the X-ray absorption of an 
atomic subshell from which the electron is being observed is high. 9 It 
has been found that this cross section is highest for the core electrons 
of an atom. Therefore, ESCA focuses on core electrons of an atom rather 
than valence electrons. 
C. Instrumentation 
The technique of Electron Spectroscopy for Chemical Analysis 
(ESCA) involves the photoejection of core electrons. In order to eject 
these electrons, one needs an instrument which uses a soft X-ray source. 
Once these electrons are ejected, an energy analyzer is needed to 
measure the kinetic energies of the ejected electrons. The general 
components of an electron spectrometer are: a sample, an X-ray source, 
an electron energy analyzer, a detector, a vacuum system, and a data 
acquisition and processing system. These components are illustrated in 
Figure 5. An X-ray source produces photons which irradiate the sample 
to photoeject core electrons. These electrons enter an energy analyzer 
which separates the electrons as a function of their kinetic energies. 
From here, the electrons are counted by a detector which generates 
pulses to the data processing system, then the data processing system 
converts these pulses into an ESCA spectrum. 
13 
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Figure 5. Basic components of an Electron Spectrometer.9 
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Sample Handling. The sample may be any type of non-volatile 
solid. It can have a defined surface or it can be a powder. It may be 
a conductor, semiconductor, or a non- conductor. The method one uses in 
handling a sample depends upon the type of sample and the types of 
sample holders.available. The samples· in this work were prepared in a 
glove box and transferred to the sample chamber using a vacuum transfer 
vessel which provided an air-tight seal (samples were never exposed to 
air). It is desirable to have the sample in electrical contact with the 
spectrometer because insulated samples can build up positive charge 
during X-ray bombardment (this is known as the charging effect). The 
development of a static charge can lead to apparent shifts in binding 
energy, the degree of which is due to the X-ray source and the design of 
the sample chamber. Three techniques have been widely used to 
compensate for this charge: 
1. Charge neutralization: This charge compensation method uses 
an electron flood gun to neutralize the charge on the sample. The 
sample is flooded with low energy electrons ·and a photoelectron line of 
a surface species monitored (usually the carbon ls line) while the 
filament current is adjusted. As the current increases, the full width 
at half maximum (FWHM) of the observed peak will decrease, reach a 
minimum, and eventually start to increase again as the surface becomes 
negatively charged. It is important to obtain a current which produces 
a peak with a minimum FWHM because a negatively charged surface will 
accelerate a photoelectron, thus shifting the photoelectron peak to a 
lower binding energy. 
2. Internal standard: In this method, a species which exhibits 
15 
an ESCA signal of known binding energy, is introduced into the sample 
matrix. The known species is thoroughly mixed with the sample and a 
spectrum is taken of the mixed sample. The binding energy of the known 
species is assumed to be the same for all samples being compared. A 
change in binding energy of this species is assumed to be associated 
with the charge on the sample. This method is used in this study to 
determine the charging effect of the supported rhodium olefin complexes. 
3. External standard: In this method, an external standard is 
used to compensate for the surface charge. Typically a noble metal or a 
carbon contaminate is deposited on the sample surface to reduce the 
surface charge. The ideal external standard should be in electrical 
equilibrium with the sample, non-reactive, and insensitive to the 
environment. 
X-Ray Sources. A basic X-ray source includes a heated filament 
and a target anode. A potential is applied between the filament and the 
anode to accelerate electrons toward the target. Electron bombardment 
causes the emission of X-rays which are characterized by a continuum 
(termed Bremsstrahlung radiation) upon which are superimposed discrete 
wavelengths of varying intensity.9 It is necessary to have monochro­
matic radiation in ESCA because the width of the X-ray line contributes 
to the width of the photoelectron line. Therefore, the X-ray source 
will effect the resolution of the instrument. 
The X-rays produced at the anode pass through a window which 
prevents the entry of scattered electrons into the sample chamber. An 
aluminum window is used with aluminum and magnesium targets because it 
can filter out the Bremsstrahlung radiation above 1600 eV. As the X-ray 
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beam passes through the window, it is attenuated by an amount wh�ch is 
dependent upon the thickness and density of the window. In order to 
maximize the photon flux at the sample surface, the window should be 
made of a very thin material. This will produce X-ray beams that are 
nearly monochromatic. The X-ray source on the Perkin-Elmer ESCA 5100 
uses Al and Mg Ka X-rays which have average energies of 1253. 6 eV and 
1486. 6 eV, respectively. The full widths at half maximum (FWHM) of 
these X-ray lines are 0. 7 eV for Mg Ka and 0. 85 eV for Al Ka X-rays. 
Electron Energy Analyzer. An electron energy analyzer measures 
the number of photoejected electrons as a function of their kinetic 
energies. There are certain requirements imposed on these analyzers. 
First, they must be in a suitable vacuum environment (pressure less than 
10-5 torr). This minimizes the electron scattering through collisions 
with gas molecules. Second, it is necessary to cancel stray magnetic 
fields, including the earth's magnetic field, because electron paths are 
influenced by magnetic fields. 
There are three major types of analyzer geometries: 9 the 
dispersive spherical sector capacitor, the dispersive cylindrical mirror 
(CMA), and the non-dispersive energy filter. The Perkin-Elmer ESCA 5100 
utilizes the spherical sector capacitor analyzer (SCA), so it will be 
discussed in detail (see Figure 6). 
The SCA is similar to a prism and lens system. As electrons of 
different energies enter the electric field, they are focused such that 
electrons of a given energy level exit the analyzer. There are two 
methods of obtaining a spectrum with this type of analyzer. First, the 
voltage applied to the spherical plates can be scanned while the 
17 
Detector 
Spherical-Sector 
Capacitor 
Sample 
Figure 6. Geometry of the Spherical Sector Capacitor Analyzer. 
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retarding field is kept constant. This allows electrons of successive 
energies to pass through the analyzer to the detector. The second 
method involves keeping the voltage across the spherical plates constant 
and scanning the retarding field. The retarding field will slow the 
photoejected electrons and only allow those electrons that match the 
voltage of the spherical sector to pass through to the detector. The 
second method is advantageous because scanning the retarding field gives 
constant peak widths and better sensitivity to low energy electrons. 
Detectors. The most commonly used detector in ESCA spectrometers 
is the channel electron multiplier. 9 It is an electrostatic device that 
uses a continuous dynode surface. The output is a series of pulses 
which are directed to a pulse amplifier/discriminator. The output is 
then converted to a spectrum by a digital -to- analog converter (DAC), a 
multichannel analyzer (MCA), or a computer. 
19 
Vacuum System. The vacuum system of the electron spectrometer 
has two requirements: 1) it must maintain the sample chamber and 
·analyzer at a low enough pressure so electrons have a long mean free 
path relative to the internal dimensions of the spectrometer; and 2) it 
must reduce the partial pressures of reactive gases to a level that they 
will not unduly contaminate the surface of the sample. There are three 
types of pumping systems: 1) an oil diffusion pump backed by a 
mechanical forepump; 2) a turbomolecular pump backed by rotary mechani­
cal forepump; and 3) a getter- ion pump backed by a sorption pump. 
Data Acquisition and Processing. Some instruments acquire and 
process data digitally and they usually employ a multi - channel analyzer 
or a computer to perform these operations. The Perkin-Elmer ESCA 5100 
uses a computer to acquire and process data. 
As the analyzer separates electrons, they are detected as pulses 
which are then processed as described above. These pulses are accumu­
lated in address registers (or channels) for a time interval determined 
by an internal clock. At the end of the time interval, the address 
register is advanced to the next channel, and the pulses are accumulated 
in that channel. This process is continued until all channels are 
addressed. If the system is in repetitive scan mode, the sequence will 
automatically begin again. 
Each address in memory is associated with a binding energy 
increment and time interval because the analyzer scan function is 
synchronized with the processor clock. These accumulated data can then 
be stored, displayed, or manipulated. The types of data manipulation 
available are: digital smoothing, the transfer of data from one portion 
of memory to another, addition or subtraction of spectra, background 
suppression, normalization of spectra, presentation of derivative or 
integral curve based on basic spectra, and simultaneous display. The 
use of a computer will also permit the scanning of a number of binding 
energy ranges, peak deconvolution, and curve fitting. 
D. Data Interpretation 
An ESCA spectrum is a plot of the electron binding energy versus 
signal intensity (proportional to the number of electrons). The binding 
energy scale used in this work has the zero binding energy at the far 
right; thus, the binding energy scale increases from right to left. 
There are several types·of peaks observed in ESCA spectra. Some 
of these peaks are fundamental to the technique and others are dependent 
20 
upon the physical and chemical nature of the sample. Those peaks which 
are fundamental to ESCA are photoelectron lines and Auger lines. 
1. Photoelectron Lines. These are the most intense, and usually 
the narrowest and most symmetrical lines of the ESCA spectrum. 
2. Auger Lines. Auger lines are typically groups of lines in 
rather complex patterns. There are four main Auger series observed in 
ESCA: the KLL, I.l'1M, MNN, and NOO series.lo These series are identified 
by specifying the initial and final vacancies in the Auger transition. 
For example, the KLL series is initiated by the photoejection of an 
electron from the ls level (K level). The ls level hole is then filled 
by a 2p (L level) electron and another 2p (L level) Auger electron is 
ejected. 
Auger electrons have kinetic energies that are independent of the 
energy source, so Auger lines appear at different binding energies when 
referenced to different X-ray sources are used. The binding energy of 
an Auger line shifts when a different X-ray source is used because the 
binding energy is related to the energy of the X-ray source and the 
kinetic energy of the ejected electrons, 
EB - hv - KE (7) 
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This phenomenon was used, in this work because a copper Auger 
line from copper (II) oxide overlapped with the rhodium 3d photoelectron 
peak when the Mg Ket X-ray source was used. So, in order to use the 
copper(II) oxide as an internal standard, it was necessary to switch 
from the Mg Ket X-ray source to the Al Ko X-ray source� This change 
allowed the determination of the rhodium 3d binding energy without any 
interferences, because the copper Auger line shifted to a higher binding 
energy. 
3. X-Ray Satellites. These peaks result from using X-ray 
photons. They appear at lower binding energy and usually have an 
intensity and spacing characteristic of the X-ray anode material (see 
Figure 7). 
4. Shake-up Lines. These lines result the from production of 
ions in an excited state. Usually the photoelectric process leads to 
ions in the ground state; however there are times when ions are left in 
an excited state. In this case, the kinetic energy of the emitted 
photoelectron is reduced, and a satellite peak is observed a few 
electron volts higher in binding energy than the main peak. In Figure 
8, the carbon ls line of polystyrene is illustrated. The small peak, 
6. 7 eV higher in binding energy than the main peak, is the shake-up 
satellite peak, which results from the C(w ➔ w*) transition. 10 
5. Multiplet Splitting. The emission of a core level electron 
can create a spin vacancy in two or more ways. The unpaired electron, 
left behind after the photoelectron emission from an s- type orbital, can 
couple with other unpaired electrons in the atom. This creates an ion 
with two configurations and/or two energies which can produce a 
photoelectron line that is split asymmetrically into two components. 
Figure 9 shows an example of this type of multiplet splitting. 
Splitting can also occur when the p level is ionized, but this is more 
complex. 10 
6. Energy Loss Lines. These lines result from the loss of 
kinetic energy by the photoelectron, due to interactions of the 
photoelectron with other electrons in the surface region of the sample. 
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As the photoelectron travels through the surface region, it can be 
scattered by atoms in the lattice. This scattering causes the electron 
to lose kinetic energy, thus the peak due to this electron will appear 
at a higher binding energy than the main peak. This phenomenon is not 
very intense in insulators (see figure 10)_10 
7. Valence Lines and Bands. These lines are produced by the 
photoejection of an electron from a molecular orbital or a solid state 
energy band. They are usually lines of low intensity and appear in the 
low binding energy region of the ESCA spectrum (between O and 15 eV). 
E. Chemical Shift of Photoelectron Lines 
The bulk of ESCA research has been directed toward understanding 
shifts in peak positions which result from changes in the oxidation 
state and chemical structure of surface bound species. The fundamental 
study of chemical shifts in ESCA spectra has opened the door for 
chemists to use ESCA as a surface characterization technique. 
It has been observed that the binding energies of metals increase 
when they are oxidized. Figure 11 shows an ESCA spectrum of aluminum 
which was cleaned by abrasion in a laboratory atmosphere. The peak at 
higher binding energy is due to the aluminum(III) oxide overlayer while 
the sharper peak is due to the aluminum substrate below the oxide layer. 
A change to a higher oxidation state occurring in the valence shell will 
reduce the shielding effect of the valence electrons on the core 
electrons causing an increase in binding energy. Therefore, an increase 
in the positive oxidation state will increase the binding energies of 
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core electrons. This increase in binding energy with an increase in 
positive oxidation state makes ESCA an excellent method for determining the 
14 
Figure 10. Energy loss envelope from the Ols line in silica.10 
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Figure 11. Aluminum 2p spectrum of aluminum metal with a passivating 
oxide layer showing the chemical shift of aluminum(III) relative to 
aluminum(0).9 
26 
oxidation state of metals. 
ESCA can also be used to study the details of the electronic 
environment of surface species. It has been found9 that the substitu­
tion of groups with different electronegativities will cause subtle 
changes in chemical shift in inorganic species. A linear correlation 
has been observed for a series of platinum(!!) complexes when the 
calculated electronegativities of the substituents are plotted against 
the charged-corrected binding energies for the core levels of the metal 
itself.11 The percentage changes in chemical shift due to the environ­
ment of the surface species in an ESCA spectrum are not as large as 
those found in NMR (typical method for studying chemical structure); 
however this information could still be useful to study supported 
organometallic compounds, as well as other inorganic compounds. 
ESCA is an excellent surface analysis technique. Generally it is 
a non-destructive technique, but some compounds can decompose under the 
ultra high vacuum conditions of the ESCA experiment and/or by the 
bombardment of X-rays. ESCA is sensitive to almost all elements, which 
makes it a useful method for determining crude elemental composition. 
It is both a qualitative and a quantitative technique. Qualitatively, 
it often provides important information regarding the chemical structure 
and the oxidation state of surface bound species. Quantitatively, ESCA 
can often determine the amount of a material present in a sample because 
the intensity of an ESCA signal is a function of material present in the 
sample. Even though ESCA is a good surface characterization technique, 
it is not a technique to be used independently because it is sometimes 
difficult to elucidate the chemical structure of a surface bound species 
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by ESCA alone. Therefore, ESCA is useful in providing supplemental 
chemical information about surface bound species. 
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CHAPTER III 
EXPERIMENTAL SECTION 
A. Spectroscopic Methods 
Immobilized complexes were characterized using Electron Spectros­
copy for Chemical Analysis (ESCA), Attenuated Total Reflectance (ATR) IR 
spectroscopy, and Solid State 13c Cross Polarization Magic Angle 
Spinning (CPMAS) NMR spectroscopy.12 Photoemission studies were 
performed using a Perkin-Elmer ESCA system model 5100 with a spherical 
sector capacitor analyzer and ion titanium sublimation pumps. The 
sample chamber pressure was typically in the low to mid 10-9 torr range. 
Measurements were performed with a non-monochromatized Al Ko: X-ray 
source. The binding energies were determined with an uncertainty of 0.5 
eV. Referencing of the ESCA data was done by mixing samples with CuO 
and correcting the static charge shifts of the Cu 2p(3/2) binding energy 
of CuO to the reported value of 933.6 ev10 (typical corrections were on 
the order of 1.3 to 2.5 eV). 
ATR IR studies were done with a Digilab FrS 80 which utilized a 
TBS detector and a ceramic source. A Harrick Variable Angle Attachment 
with a KRS-5 ATR element was used for attenuated total reflectance 
experiments. Typically, 100 scans were obtained for each spectrum which 
provided a resolution of 8 cm-1. 
13c CPMAS NMR spectra were obtained at 75.429 MHz on a Varian XL-
300 spectrometer modified for solids with a broad band MAS probe (Doty 
Scientific, Inc.), an external observe channel amplifier, and band-pass 
filters. Samples were stored in a Vacuum Atmospheres Box (VAB) 
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(nitrogen) at -20 ° C, and were packed into 7 mm o.d. rotors in the VAB. 
Samples were spun with dry nitrogen at typical spinning speeds of 2.3 to 
4.2 kHz. The cross-polarization experiments were performed with contact 
times of 700-2500 µsec, and recycle delays of 8 to 10 sec. 
Characterization of the non-supported species was performed using 
1H and 13c NMR, IR, and mass spectrometry. 1H NMR spectra were obtained 
with JEOL FX-90Q and Nicolet 200 MHz instruments. 13c NMR spectra were 
obtained using the Nicolet instrument operating at a carbon frequency of 
25 MHz, with broad band decoupling. Infrared studies were performed on 
Digilab FfS 80 and Perkin-Elmer model 1330 IR spectrometers. Mass 
spectrometric studies were conducted with a VG Analytical ZAB-EQ using 
the electron impact ionization method. 
B. Preparation of Starting Materials 
1. General. The complexes were prepared using Schlenk techni­
ques. This allowed reactions to be done under an inert atmosphere of 
nitrogen. The equipment used with this technique was a Schlenk tube and 
a gas/vacuum manifold. The Schlenk tube was made from a glass tube 
closed at one end, with a male 29/42 ground glass joint and side arm 
stopcock at the other end. The nitrogen used in all reactions which 
involved air-sensitive materials was scrubbed of oxygen and water by 
passing it through columns of activated manganese oxide and molecular 
sieves.13 
2. Solvents. The following solvents were distilled under 
nitrogen: hexanes (Mallinkrodt, analytical reagent grade (AR)), toluene 
(Mallinkrodt, AR), and methylene chloride (Mallinkrodt, AR). Hexanes 
and toluene were distilled from a Na/K alloy. Methylene chloride was 
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distilled from calcium hydride. Methanol (Mallinkrodt , AR) and absolute 
ethanol (U. S. Industrial Chemicals )  were used as received . NMR solvents 
were dried with 4 A molecular sieves. The 1H NMR reference peaks for 
deuterated chloroform and benzene were 7. 26 ppm and 7. 15 ppm , respec­
tively . The 13c reference peak for deuterated chloroform was 76.9 ppm. 
3. Reagents. Rhodium trichloride trihydrate (40. 160% rhodium) 
was obtained from Johnson Matthey on their University loan program. 
1,5- Cyclooctadiene (Gold Label) and yellow mercuric oxide (Reagent 
Grade) were purchased from Aldrich and used as received. Hydrazine 
hydrate (85%) was purchased from Aldrich. The hydrazine was purified by 
refluxing equal amounts of hydrazine hydrate and potassium hydroxide for 
2 hours , then distilling at a constant temperature of 113. 5° C. 4 , 4 ' ­
Dimethylbenzophenone was used as received from Eastman Kodak. 
Ethylene and carbon monoxide (both were technical grade) were 
obtained from Matheson. The ethylene was scrubbed of oxygen and water 
by passing it through columns of activated manganese oxide and molecular 
sieves. 
4 . Di -µ- chlorotetrakis(e thylene)dirhodiurn(I) , ! .  This complex 
was prepared using a modified procedure of R. Cramer. 14 A 100 -mL 
Schlenk tube was loaded with rhodium trichloride trihydrate (5. 0 g, 19. 0  
mmoles) dissolved in 7. 5 mL of distilled water and 45 mL of degassed 
methanol. 15 The methanolic solution was stirred at room temperature 
under an over pressure (5 psi) of ethylene. A reddish- orange precipi­
tate was observed after 1. 5 hours. After 7 hours, the red solution was 
decanted into a 250-mL Schlenk tube. The precipitate was washed with 
3 x 25 mL of degassed methanol and dried under vacuum (1. 994 g, 54% 
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yield). The combined washes were stirred overnight, under ethylene, to 
yield a second crop of complex (0. 333 g). The combined yield was 
2. 327 g, 63%. The [Rh(µ-Cl)(C2H4)2] 2 was stored at -25
° C, under 
ethylene. IR (KBr pellet) 3057, 2990, 1476, 1485, 1418, 1215, 1203, 
990, 945, 920, 805, 708, 665, 487, 382 cm-1 ; 1H NMR. (benzene-d6) 6 2. 905 
(m, broad) ; 13c { 1H }  NMR. (CDCl3) 6 61. 56 (m). 
5. Di-µ-chlorobis(l, 5-cyclooctadiene)dirhodium(I), z. This 
complex was prepared by adding an excess of 1, 5  cyclooctadiene (cod) to 
the washes of the di-µ-chlorotetrakis(ethylene)dirhodium (I) reaction. 
These washes were loaded into a 500-mL Schlenk tube and cod (0. 5 mL, 4. 1 
mmoles) added. The solution was stirred at room temperature for 0. 5 
hours (a yellow precipitate formed almost immediately). The yellow 
precipitate was filtered, washed with methanol, and dried under vacuum 
(0 . 670 g). This was stored at room temperature in a vial with a teflon 
lined cap . 1H NMR. (CDCl3/TMS) 6 4. 23 (s, 8H), 2. 50 (m, 8H), 1. 81 (m, 
8H) ; 13c { 1H }  NMR. (CDCl3) 6 78. 71 and 78. 44 (s, vinylic carbons), 30. 75 
(s, allylic carbons). 
6 .  Di-µ-chlorotetrakis(carbonyl)dirhodium(I), � - A 250-mL 
Schlenk tube was loaded with di-µ-chlorotetrakis(ethylene)dirhodium (I) 
( 1 . 790 g, 4. 6 mmoles) and 100 mL of degassed methanol. The methanolic 
solution was stirred under an overpressure (5 psi) of carbon monoxide 
for 5 hours. The solvent was removed under vacuum to yield a brownish­
red residue which was sublimed under vacuum (at room temperature) to 
yield red crystals (1. 2 g, 67% yield). 
at room temperature . IR (KBr pellet) : 
The product was stored in a VAB 
21 10, 2090, 2045, 2035 cm-1 . 
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7 . 4.4 ' -Dimethylbenzophenone Hydrazone , � . 16 4 , 4 ' Dimethylbenzo ­
phenone ( 10 . 0  g ,  47 . 6  mmoles) , 37 mL of absolute ethanol ,  and 10 mL of 
distilled hydrazine were refluxed under nitrogen for 10 hours . The 
solution was allowed to cool , then placed in the refrigerator (at 0 ° C)  
for at least 14 hours . The white precipitate was filtered and washed 
with cold absolute ethanol ,  and dried under vacuum ( 8 . 2 56 g ,  77% yield) . 
IR (KBr pellet ) : 1H NMR (benzene -d6 ) 6 7 . 37 (m ,  8 H) , 5 . 02 (s ,  2 H) , 
2 . 07 ( s ,  6 H) . 
8 .  4,4 ' -Dimethyldiazobenzophenone {4 ,4 ' DMBP) , � . 16 A 100 -mL 
Schlenk tube was loaded with 4 , 4 ' - dimethylbenzophenone hydrazone (3 . 59  
g ,  16 . 0 mmoles) and 15 mL of degassed hexanes . Yellow mercuric oxide 
( 2 . 30 g ,  10 . 6  mmoles) was added portion -wise over a period of 15 
minutes . The mixture was stirred at room temperature for 9 hours with 
0 . 5  g of yellow mercuric oxide added approximately every 3 hours ( for a 
total of 3 . 8 g) . After 9 hours , 1 . 5  g of anhydrous sodium sulfate was 
added and the mixture stirred an additional 0. 5 hours . The mixture was 
filtered through a cotton/glass wool plug and solvent removed under 
vacuum . The purple crystals were recrystallized from hexanes ( 3 . 044 g ,  
85 . 6% yield) . 1H NMR (CDCl3/TMS ) 6 7 . 18 (s ,  8 H ) , 2 . 36 ( s ,  6 H ) .  
C .  Preparation o f  Supported Rhodium Complexes 
Preparations of immobilized complexes were performed in a vacuum 
atmosphere box (VAB) with argon as the inert gas. 
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1 . Partially Dehydroxylated Alumina (PDA) . 5 - 10 g of � - alwnina17 
( 5/16 inch rings , 2 20 m2/g) was finely ground in a porcelain mortar , and 
transferred to a 500 -mL round bottom flask fitted with a stopcock 
adapter . The ground alumina was evacuated at room temperature overnight 
with a rotary roughing pump ( 10 - 2 - 10 - 3 torr) . The alumina was then 
heated to 3 50 ° C ,  with periodic shaking , for 2 - 3 days until a base 
pressure of 10 - 4 torr was obtained . The now , partially dehydroxylated 
alumina was transferred to the VAB and stored in a glass vial . 
2 . General Method of preparing Immobilized Rhodium Complexes . A 
100 -mL Schlenk tube was loaded with 1 g of PDA and 5 - 10 mL of degassed 
methylene chloride . The rhodium complex was dissolved in degassed 
methylene chloride and slowly added to the PDA suspension. This mixture 
was stirred at room temperature for 30 - 40 minutes . The yellow alumina 
was filtered , washed with degassed methylene chloride , and dried under 
vacuum . The washes were brought out of the VAB and the solvent removed 
on a rotary evaporator and finally on a mechanical oil pump . The yellow 
residue was weighed and the loading determined by subtracting the amount 
of recovered residue (complex) from the amount of complex added to the 
reaction and dividing this by the amount of alumina used in the reac ­
tion . This value was then multiplied by 100 to get the weight per­
centage . 
a .  Al2Q3 - (Rh(u- Cl)(C2&l2l2 , � - 9. 0 g o f  PDA was reacted 
with [ Rh (µ - Cl) (C2H4) 2 ] 2 (0 . 821 g ,  2 . 11 mmoles) in methylene chloride. 
0. 324 g of the complex was recovered to give a loading of 6% by weight . 
The reacted alumina was made fresh , analyzed , and reacted within 2 - 3 
days of preparation. The sample was stored at - 25 ° C under nitrogen. 
b. Al2Q3 - (Rh(u- Cl){cod}2l2 , z .  3 . 5  g o f  PDA was reacted 
with [Rh(µ-Cl) {cod) 2 ] 2 {0 . 418 g ,  0. 848 mmoles) in methylene chloride. 
0 . 218 g of the complex was recovered to give a loading of 6% by weight . 
The sample was stored at room temperature in the VAB . 
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c .  Al2Q3- [Rh(u- Cl)(C0}2l2 , � - 1 . 5  g of PDA was reacted 
with [ Rh(µ -Cl) ( C0) 2 ] 2 (0 . 136 g ,  0 . 350 mmoles) . No complex was recovered ; 
therefore , a quantitative adsorption had taken place which gave a 
loading of 9%  by weight . This was stored at room temperature in the 
VAB . 
D .  Reactions 
All reactions were performed in a VAB , unless otherwise 
specified . 
1 .  Reaction of Al2Q3 - [Rh(u-Cl)(C2&l2l2 with cod. A 100 -mL 
Schlenk tube was loaded with 1 . 25 g of Al203 - [ Rh(µ-Cl) (C2H4) 2 ] 2 (0 . 069 
g ,  0 . 177 mmoles of rhodium complex) and 10 - 20 mL of degassed toluene . 
This was brought out of the VAB and 0 . 5  mL of cod (0 . 441 g ,  4 . 08 mmoles) 
was added to the suspension . The mixture was stirred for 1 hour at room 
temperature under nitrogen . The mixture was returned to the VAB where 
it was filtered , washed with degassed toluene and dried under vacuum . 
The reacted alumina was a pale yellow and the washes were clear . 
2 . Reaction of Al2Q3 - [Rh(u- Cl)(C2&l2l2 with Carbon Monoxide . A 
100 - mL Schlenk tube was loaded with 1 . 25 g of Al203 - [Rh(µ - Cl) (C2H4) 2 ] 2 
( 0 . 069  g ,  0 . 17 7  mmoles of rhodium complex) and 10 - 20 mL of degassed 
methylene chloride . This was brought out of the VAB and stirred at room 
temperature under an over pressure ( 5  psi ) of carbon monoxide for 23 
hours . The reaction mixture was flushed with nitrogen and returned to 
the VAB where it was filtered , washed with degassed methylene chloride , 
and dried under vacuum . The reacted alumina was tannish-yellow and the 
washes were clear . 
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3 .  Homogeneous Reaction of [Rh{u- Cl)CC2&l2l2 with 4,4 ' -DMBP 
under Ethylene . A 100 -mL Schlenk tube was loaded with [Rh(µ-Cl ) (C2H4) 2 ] 2 
{0 . 056 g ,  0 . 143  mmoles ) ,  10 - 15 mL of degassed toluene , and saturated 
with ethylene ( 1 - 5  ps i) . A 10 - fold excess of 4 , 4 ' -DMBP (0 . 572  g ,  2 . 84 
mmoles ) dissolved in degassed toluene was added over a 2 - 3  hour period . 
The reaction was stirred under ethylene until the red-violet color of 
the diazoalkane disappears . The solvent was removed under vacuum and 
the remaining residue was separated by flash chromatography on s ilica 
gel (purchased from Davidson) . The products were eluted with the 
following solvents : 
100% Hexanes : 1 , 1 -Di -�- tolylpropene (0 . 4897  g ,  85 . 8% yield , 
based on diazo substrate ) .  1H NMR (CDCl3/TMS ) 6 7 . 11 (m , 8H) , 6 . 10 (q , 
J-7 . 0  Hz , lH) , 2 . 37 ( s , 3H) , 2 . 31 (s , 3H) , 1 . 75 (d ,  J-7 . 0  Hz , 3H) ; 
13c c 1H }  NMR (CDCl3 ) 6 142 . 03 ( s , �- CH3 ) ,  140 . 27 ( s , �- CH3 ) ,  136 . 99 (s , 
�-C-) ,  136 . 05 ( s , �-C-) , 129 . 81 , 128 . 63 ,  127 . 01 ( s , Ar -C) , 125 . 27 (s , 
�(Ar) 2 ) ,  122 . 86 ( s , -�H(CH3 ) ) , 21 . 10 and 20 . 92 ( s ,  Ar- CH3 ) ,  15 . 58 (s , 
H3� -C-) ; MS [ calculated mass : 222 . 3  amu] , 222 (� , C17H1g ) . 
75% Hexanes/ 25% Methylene Chloride : 4 , 4 ' -Dimethylbenzophenone 
(0 . 104 g ,  14 . 2% yield) . 1H NMR (CDCl3/TMS ) S 7 . 48 {dd ,  16H) , 2 . 42 (s , 
12H) ; 13c c 1H }  NMR (CDCl3 ) 6 142 . 62 ( s ) , 134 . 90 ( s ) , 129 . 09 (d , Ar - CH) , 
21 . 41 ( s , -�H3 ) ;  MS [ calculated mass : 210 . 3  amu] , found 210 (� , 
C15H14O) . 
4 .  Heterogeneous Reaction of Al2Q3 - (Rh{u-Cl){C2&l2l2 with 4.4 ' ­
DMBP under Ethylene . A 100 -mL Schlenk tube was loaded with 1 . 0  g of 
Al2O3 - [Rh (µ - Cl) (C2H4) 2 ] 2 (0 . 056 g ,  0 . 143 mmoles of rhodiwn complex) and 
10 - 15 mL of degassed toluene . This was brought out of the VAB and 
saturated with ethylene ( 1 - 5  psi) . A 10 - fold excess of 4 , 4 ' -DMBP 
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(0 . 631 g ,  2 . 84 mmoles ) dissolved in degassed toluene was added over a 2 - . 
3 hour period . The reaction was s tirred under ethylene until the red­
violet color of the diazoalkane disappeared . The mixture was returned 
to the VAB and the reacted Al203 - [Rh(µ-Cl ) (C284) 2 ] 2 filtered , washed 
with degassed toluene , and dried under vacuum. The washes were brought 
out of the VAB and the solvent removed on a rotary evaporator . The 
remaining residue was separated by flash chromatography on silica gel . 
The products were eluted with the following solvents : 
100% Hexanes : l , l - Di -2- tolylpropene (0 . 2856 g ,  50 I yield) . 
50% Hexanes/ 50% Methylene Chloride : 4 , 4 ' -Dimethylbenzophenone 
(0 . 058 g ,  9 . 71 yield) . 
25% Hexanes/ 75% Methylene Chloride : Di -2- tolylmethanol (0 . 039 g ,  
6 . 5% yield) . 1H NMR (CDCl3/TMS ) 6 7 . 20 (dd ,  8H) , 5 . 79 (d , J-3 . 6  Hz , 
lH) , 2 . 32 (s , 6H) , 2 . 09 (d ,  J-3 . 6  Hz , lH) ; 13c c 1H }  NMR (CDCl3 ) 6 140 . 92 
( s , Ar�-CH3 ) ,  136 . 88 (s , Ar�-CHOH} , 128 . 94 and 126 . 22 (s , ) ;  MS [ calcu­
lated mass : 212 . 3  amu] ; found : 212 (W , C15H16 ) .  
5 .  Homogeneous Reaction of [Rh(u- Cl)(C2&.l2l2 with 4,4 ' -DMBP in 
100 - fold excess of 1 - 0ctene . A 100 -mL Schlenk tube was loaded with 
[Rh(µ -Cl} (C2H4 ) 2 ] 2 (0 . 056 g ,  0 . 143 mmoles )  and 10 - 15 mL of degassed 
toluene and 2 . 2  mL of 1 - octene ( 1 . 573 g ,  0 . 014 mmoles ) .  A 10 - fold 
excess of 4 , 4 ' -DMBP (0 . 631 g ,  2 . 84 mmoles ) dissolved in degassed toluene 
was added over a 2 - 3  hour period . The reaction was stirred until the 
red-violet color of the diazoalkane disappeared . The solvent was 
removed under vacuwn and the remaining res idue was separated by flash 
chromatography on silica gel . The products were eluted with the 
following solvents : 
100% Hexanes : 1 , 1 - Di -R- tolylpropene (0 . 0378 g ,  6 . 6% yield , based 
on NMR} . 
1 , 1 - Di -R- tolyl - 1 -nonene (0 . 0702 g ,  8 . 9% yield ,  based on NMR} . 1H 
NMR ( CDCl3/TMS } S 7 . 1 1  (m , SH} , 5 . 98 ( t ,  lH} , 5 . 3 1 (m ,  2H} , 2 . 69 (m , 
2H} , 2 . 28 ( s ,  3H} , 2 . 26 ( s , 3H} , 2 . 09 (q , 2H} , 1 . 2 3 and 0 . 8 6 (m , 
aliphatic H} ; MS [ calculated mass : 306 . 5  amu ] , found 306 (� , C23H30 } .  
25%  Hexanes/ 75% Methylene Chloride : Di -R- tolylbenzophenone Azine 
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( 0 . 378 g ,  70 . 5% yield} . 1H NMR (CDCl3/TMS } S 7 . 24 (m , 16H} , 2 . 37 ( s , 
6H} , and 2 . 34 ( s ,  6H} ; 13c ( 1H }  NMR (CDCl3 } S6 15 8 . 66 ( s , �-N} , 1 39 . 3 2 ( s ,  
�- CH3 } ,  135 . 79 and 132 . 56 ( s , �- C-N} , 1 28 . 63 and 128 . 47 ( s , Ar -C } , 21 . 57 
and 2 1 . 28 ( s , -�H3 } ;  MS [ calculated mass : 416 . 5  amu ] , found : 416 (� , 
C30H2sN2 } .  
6 .  Heterogeneous Reaction of Al2Q3 - (Rh{u- Cl){C2&.l2l2 with 4,4 ' ­
DMBP in 100 - fold excess of 1 -0ctene . A 100 -mL Schlenk tube was loaded 
wi th 1 . 0  g of Al203 - [ Rh (µ - Cl } (C2H4 } 2 ] 2 ( 0 . 056 g ,  0 . 143 mrnoles of rhodium 
complex} and 10 - 15 mL of degassed toluene and 2 . 2  mL ( 1 . 5 73 g ,  0 . 014 
mrnoles} of 1 - octene . This was brought out of  the VAB and a 10 - fold 
excess of  4 , 4 '  DMBP (0 . 63 1 g, 2 . 84 mrnoles ) dissolved in degassed toluene 
was added over a 2 - 3  hour period . The reaction was stirred until the 
red -violet color of the diazoalkane disappeared .  The mixture was 
returned to the VAB and the reacted Al203 - [ Rh(µ - Cl ) ( C2H4} 2 ] 2 filtered , 
washed with degassed toluene , and dried under vacuum . The washes were 
brought out of the VAB and the solvent removed on a rotary evaporator . 
The remaining res idue was separated by flash chromatography on s i lica 
gel . The produc ts were eluted wi th the following solvents : 
100% Hexanes : l , l -Di -�- tolyl - 1 -nonene (0 . 103 g ,  23 . 0% yield) . A 
small amount of 1 , 1 -Di -�- tolylpropene was observed [ 2 . 36 ( s , 3H) , 2 . 29 
( s , 3H) , 1 . 7 3 (d ,  J-7 . 0  Hz , 3H ) ] .  
50% Hexanes/ 50% Methylene Chloride : 4 , 4 ' -Dimethylbenzophenone 
(0 . 070 g ,  24 . 9 % yield) . 
Di -�- tolylbenzophenone Azine (0 . 109 g ,  36 . 1% yield) 
100% Methylene Chloride : Di -R- tolylmethanol (0 . 0530 g ,  17 . 2% 
yield) . 
7 .  Heterogeneous Reaction of Al2Q3 - (Rh(µ-Cl)(C2&.l2l2 with 4.4 ' ­
DMBP under Ethylene {4 ,4 ' DMBP added all at once} . A 100 -mL Schlenk 
tube was loaded with 0 . 248 g of Al203 - [Rh(µ-Cl ) (C2H4 ) 2 ] 2 (0 . 014 g ,  
0 . 0352 mmoles o f  rhodium complex) and 10 - 15 mL of degassed toluene . The 
Schlenk tube was brought out of the VAB and a 10 - fold excess of 4 , 4 ' ­
DMBP (0 . 165 g ,  0 . 700 mmoles ) dissolved in degassed toluene was added all 
at once . The reaction was stirred under ethylene until the red-violet 
color of the diazoalkane disappeared . The mixture was returned to the 
VAB and the reacted Al203 - [Rh(µ- Cl ) (C2H4) 2 ] 2 filtered , washed with 
degassed toluene , and dried under vacuum . The washes were brought out 
of the VAB and the solvent removed on a rotary evaporator . The 
remaining residue was separated by flash chromatography on silica gel . 
The products were eluted with the following solvents : 
100% Hexanes : 1 , 1 -Di -R- tolylpropene (0 . 0167 g ,  10 . 1  % yield) . 
100% Methylene Chloride : 4 , 4 ' -Dimethylbenzophenone (0 . 046 g ,  
30 . 0% yield) . Di -R- tolylbenzophenone Azine (0 . 09 3  g ,  30 . 0% yield) . 
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8 .  Heterogeneous Reaction of Previously Reacted Al2Q3 - [Rhlµ-Cl} ­
�2H412l2 with 4,4 ' -DMBP under Ethylene (4.4 ' - DMBP added all at once) . 
A 100 -mL Schlenk tube was loaded with 0 . 265 g of previously reacted 
Al2O3 - [ Rh(µ -Cl) (C2H4) 2 ] 2  (0 . 015 g ,  0 . 0380 mmoles of rhodium complex) and 
10 - 15 mL of degassed toluene and saturated with ethylene ( 1 - 5  psi ) . 
This was brought out of the VAB and a 10 - fold excess of 4 , 4 ' - DMBP (0 . 160 
g, 0 . 700 mmoles) dissolved in degassed toluene was added over a 2 - 3  hour 
period . The reaction was stirred under ethylene until the red-violet 
color of the diazoalkane disappeared . The mixture was returned to the 
VAB and the re-reacted Al2O3 - [ Rh(µ-Cl) (C2H4) 2 ] 2  filtered , washed with 
degassed toluene , and dried under vacuum . The washes were brought out 
of the VAB and the solvent removed on a rotary evaporator . The remain­
ing residue was separated by flash chromatography on silica gel . The 
products were eluted with the following solvents : 
100% Hexanes : 1 , 1 -Di -R• tolylpropene (0 . 0349 g ,  21 . 8% yield) . . 
100% Methylene Chloride :  4 , 4 ' -Dimethylbenzophenone (0 . 018 g ,  
11 . 9 %  yield) . 
9 .  Reaction of PDA with cod . A 100 -mL Schlenk tube was loaded 
with 1 . 09 g of PDA and 10 -15  mL of degassed toluene . This suspension 
was brought out of the VAB and 0 . 4 mL of cod (0. 353  g ,  3 . 3  mmoles) was 
added . The mixture was stirred for 1 hour , then returned to the VAB 
where the reacted PDA was filtered , washed with degassed toluene , and 
dried under vacuum . The sample was analyzed by ESCA . 
10 . Reaction of PDA with Carbon Monoxide . 0. 5 g of PDA was 
suspended in 10 - 15 mL of degassed methylene chloride and brought out of 
the VAB . The mixture was stirred under an overpressure of carbon 
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monoxide (5  psi)  for 1 hour . Then the mixture was returned to the VAB 
where it was filtered , washed with degassed methylene chloride , and 
dried under vacuum. The sample was analyzed by IR and ESCA . 
11 . Reaction of PDA with 4,4 ' -DMBP . 0 . 5  g of PDA and 10 -15 mL of 
degassed toluerie was added to a 100 -mL Schlenk tube . The Schlenk tube 
was brought out of the VAB and 4 , 4 ' -DMBP (0 . 316 g ,  1 . 42 mmoles) was 
added to the suspension . This mixture is stirred under ethylene until 
the red-violet color disappeared (approximately 24 hours ) .  The solution 
was returned to the VAB where it was filtered , washed with degassed 
toluene , and dried under vacuum. The washes were brought out of the VAB 
and concentrated on a rotary evaporator .  
Product Recovered : Di -R· tolylmethanol (0 . 0826 g ,  27 . 4% yield) . 
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CHAPTER IV 
RESULTS AND DISCUSSION 
A .  Characterization of Immobilized Rhodium Olefin Complexes 
The immobilized rhodium olefin complexes used in this study were 
prepared by reacting a known amount of the rhodium olefin complex with a 
slurry of partially dehydroxylated alumina (PDA) , in a suitable solvent . 
PDA was prepared by heating �- alumina (surface area 220 m2/g) to 350 ° C 
for three to four days until a base pressure of 10 -4 torr was obtained . 
This heating desorbed most  of the water molecules on the surface leaving 
some isolated hydroxyl s ites . 18 
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An estimate of the amount of complex which would bind to the 
surface of the partially dehydroxylated alumina was calculated us ing the 
surface area of the alumina and the area the complex would occupy on the 
surface . It  was assumed that the alumina surface would be reactive 
enough to break apart the rhodium olefin dimer . Figure 1 2 shows a side 
and top view of how the complex was thought to bind to the surface of 
the alumina . The rhodium ethylene bond was placed parallel to the 
surface in order to provide the largest circular area for the rotating 
ethylene ligands . The bond distances of the rhodium ethylene and carbon 
hydrogen bonds were estimated at 2 . 00 A1 9  and 1 . 10 A20 , respectively . 
The sum of the bond distances was 3 . 1 A .  The radial dis tance used to 
calculate the area was 4 . 5  A .  The summation o f  the actual bond distance 
( summation of the rhodium ethylene bond distance and carbon hydrogen 
bond distance of the ethylene ligand) was increased by 1 . 4 A in order to 
compensate for the van der Waal ' s  radius of the hydrogen atom . 
# fVl � H H � / "-7. ' /  C I I  2 .oA Rh ? ? /c , 
H H 
a b 
H 
H 
/ 
C 
I I  1 . 1 0 A 
/c, 
H 
Figure 12 . Immobilized rhodium ethylene structures. {a )  Side view of 
the supported complex and (b)  Top view of the supported complex (rhodium 
oxygen bonds not shown) . 
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The predicted loading for the supported ethylene complex was 0.056 g of 
[Rh(µ-Cl)(C2H4)2 ) 2 per gram of PDA. 
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The surface calculation of the supported cod complex used the 
same bond distance (4. SA) as the supported ethylene complex because it 
was assumed that the aliphatic carbons of the 1, 5 -cyclooctadiene (cod) 
ligand would not contribute to the area occupied by the complex on the 
surface (see Figure 13). Therefore, the surface calculation for the cod 
complex predicted that 0. 071 g of [Rh(µ-Cl)cod]2 would be bound per gram 
of PDA (see Appendix). The actual percent weight loadings were 
determined by dividing the amount of complex adsorbed to the surface, by 
the total amount of PDA used in the reaction, and multiplying by 100. 
The immobilized rhodium olefin complexes were analyzed for 
thermal stability and the type of surface adsorption. The thermal 
stability of the supported rhodium olefin complexes was determined by 
heating the supported complexes under vacuum and observing visual 
changes along with changes in pressure. The supported complexes were 
loaded into a 100 -mL round bottom flask and evacuated using a diffusion 
pump until a base pressure around 10-l-10-4 torr was obtained before 
heating. While heating the alumina, the pressure of the desorbing 
solvent molecules and/or dissociating ligands was monitored on a Penning 
ionization gauge. An observed rise in pressure along with a color 
change of the impregnated alumina was taken as a possible indication 
that decomposition was occurring. 
The type of surface adsorption (chemisorption or physisorption) 
was determined by continuously extracting the supported complex with 
methylene chloride. Physisorbed molecules were expected to be removed2 1  
/ 
Rh 
/ ""' 
0 
I 
0 
I 
Figure 13 . Immobilized rhodium cyclooctadiene structure . 
45 
while those chemisorbed were expected to remain bound. Chemisorbed 
molecules are held by covalent forces while physisorbed molecules are 
held by weak van der Waals forces. 22 Knowing that the complexes were 
chemisorbed to the alumina should provide information about their 
possible mode of attachment. 
The immobilized rhodium olefin complexes were characterized by 
ESCA and solid state 13c NMR. spectroscopy. ESCA was used to determine 
the oxidation state of the rhodium atoms and solid state 13c NMR. was 
used to distinguish and characterize the types and relative numbers of 
aliphatic and olefinic carbons associated with the complex bound to the 
surface. 
1. Al2Q3-[Rh(µ- Cl)cod]2. Exposure of PDA to the rhodium cod 
complex for 0. 5 hours in methylene chloride reproducibly yielded a 
yellow colored alumina which had an approximate loading of 6% (by 
weight). The thermal stability of· the supported complex was studied by 
heating the supported cod complex to 180° C under vacuum . A base 
pressure of ·a x 10-4 torr was obtained before the supported complex was 
heated. The pressure decreased until a temperature of approximately 
96 ° C was obtained . At this temperature, the pressure started to 
increase until it leveled off at approximately 2 x 10-4 torr (see Figure 
14). No color change was observed during the entire heating period. 
The increase in pressure from 96-135 ° C was probably associated with the 
loss of bound solvent molecules and not the loss of the 1, 5-cyclooc ­
tadiene ligands because no color change was observed . A color change 
would have been expected if cod had been dissociated. The ESCA spectrum 
of the heated sample (Figure 15) also indicated little or no change in 
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Figure 14 . Graph of temperature versus pressure for the thermal 
stab ility of the supported rhodium 1 , 5 - cyclooctadiene complex . 
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Figure 15. ESCA spectrum of the heated immobilized cod complex. 
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the oxidation state of the rhodium atoms because the rhodium 3d(5/2) 
binding energy remained virtually unchanged, at 309. 6 eV. 
Soxlet extraction of the supported complex with methylene 
chloride produced no visible color change, and only one percent of the 
complex was recovered in the washes. Based on these observations, it 
was believed that the rhodium cod complex was chemisorbed to the surface 
of alumina and thermally stable. 
The rhodium 3d (5/2) binding energy of the supported cod complex 
is 309. 1 eV (Figure 16). This is 1 eV higher than the rhodium binding 
energy for the pure cod complex (308. 1 eV, Figure 17) . This difference 
is attributed to a strong support interaction between the rhodium atoms 
and the various surface functionalities of the alumina . It has been 
shown that strong support interactions affect the binding energies of 
supported complexes . 24 In the work of Kim and Winograd, 24 evaporated 
gold films on silica, were reduced in thickness by argon ion bombard ­
ment. The ESCA spectrum of the thick film, before ion bombardment gave 
a Au (4f) binding energy which was the same as that found for Au metal. 
The ESCA spectrum of the thinnest film which corresponded to a 
submonolayer coverage of Au atoms gave Au(4f) binding energy that was 
1. 1 eV higher than that of the Au metal . This suggested that the shift 
was a matrix effect probably due to the lower, extra -atomic relaxation 
afforded Au by the silica support compared to a metallic matrix . There­
fore, a support shift will be most evident when the coverage of the 
metal particles is low because when a metal cluster has enough atoms to 
produce a bulk band structure, in spite of the support interactions, the 
extra- atomic relaxation will be essentially that of the metal . Since 
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Figure 17 . ESCA spectrum of the pure cod complex . 
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the coverage of the rhodium complexes was low in this work, the extra­
atomic relaxation of the alumina support should increase the binding 
energy of the rhodium atoms. 
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Solid state 13c NMR spectroscopy was used to gain information 
about the organic ligands of the supported cod complex. Two isotropic 
signals are expected for the pure cod complex. Figure 18 shows the 
solid state 13c NMR spectrum of the pure cod complex. Two isotropic 
signals are observed. The signal at 33 ± 2 ppm (a) is assigned to the 
aliphatic carbons because the chemical shift is within the region 
usually associated with aliphatic carbons, 25 and likewise the signal at 
81 ± 2 ppm (b) is assigned to the olefinic carbons. These chemical 
shifts are similar to those found in the solution 13c NMR spectrum of 
the pure cod complex (Figure 19). In Figure 19, the signals at 78. 7 and 
78. 4  ppm are assigned to the olefinic carbons, and the signal at 30. 8 
ppm is assigned to the aliphatic carbons (the triplet centered at 76 .9 
ppm is due to the NMR solvent, deuterated chloroform) . The additional 
signals, in the solid state spectrum of the pure cod complex (labeled 
with an X) , are sp inning side bands which are differentiated from the 
true isotropic signals by varying the spinning rate of the NMR 
experiment. As the spinning rate is varied, the chemical shifts of 
these signals will vary while those of the true isotropic signals will 
remain constant. 
The solid state 13c NMR spectrum of the supported cod complex 
(Figure 20) also shows isotropic signals associated with the aliphatic 
carbons (32 ppm) and olefinic carbons (78 ppm), but they are slightly 
broadened. This broadening is probably due to the amorphous nature of 
I a 
b 
Figure 18 . Solid state 13c NMR spectrum of the pure cod complex ( a­
aliphatic carbons, b- olefinic carbons, and x- spinning side bands). 
Solvent 
Figure 19. Solution 13c NMR spectrum of the pure cod complex. 
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Figure 20 . Solid state 13c NMR spectrum of the supported cod complex. 
53 
the alumina surface which produces a range of chemical environments 
around the supported olefin complexes. 
27Al MAS experiments2 6  on 7-alumina show that a certain amount of 
line broadening is associated with the alumina support . Figure 21 shows 
27Al MAS NMR. spectra of 7-alumina at two different magnetic fields (52 
MHz and 94 MHz) . The line broadening of the 27Al lines slightly 
decrease as the magnetic field increases , but a certain amou�t of line 
broadening still remains. Magic angle spinning averages the shift 
anisotr�py and dipolar interactions while the higher magnetic fields 
reduce the second-order quadrupolar effect of the nuclear electric 
quadrupole interaction . 26 In order to show that the persistent 
broadness of the 2 �Al lines for 7-alumina is associated with the 
amorphous nature of the support, 27Al NMR. spectrum of NaY zeolite (at 94 
MHz with MAS) is compared with the 27Al NMR spectrum of 7-alumina . The 
27Al lines for the zeolite sample, in Figure 22, are appreciably sharper 
than those of the 7 -alumina. This sharpness is attributed to the highly 
ordered structure of the aluminosilicate system . 2 6  Therefore, the solid 
state spectra of the supported rhodium olefin complexes will be slightly 
broadened due to the amorphous nature of the alumina support. 
2 . Al2Q3-[Rh(u-Cl}(C2&.l2l2 - Exposure of partially dehy­
droxylated alumina ( PDA) to the rhodium ethylene complex in methylene 
chloride reproducibly yielded a dark yellow alumina sample which had an 
approximate loading of 6% (by weight) . The rhodium 3d(5/2 ) binding 
energy of the supported ethylene complex is 308 . 5 eV ( Figure 23).  This 
binding energy is within the range of other rhodium( ! )  complexes . 27 
The rhodium binding energy of the pure ethylene complex· could not be 
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Figure 21 . 27Al Solid state NMR. spectrum of �-alumina .
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Figure 23 .  ESCA spectrum of the supported ethylene complex. 
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determined because the complex decomposed under the ultra high vacuum 
(UHV) conditions of the ESCA experiment . The color of the decomposed 
sample was metallic black which indicated that a change in the rhodium 
oxidation state had occurred (the sample was originally a dark yellow). 
In Figure 24, the observed rhodium photoelectron peaks are more consis­
tent with rhodium (O) and not rhodium (!) because the binding energy of 
the rhodium 3d(S/2) peak for the decomposed complex is 307.3 eV. This 
binding energy compares well with binding energies reported for other 
rhodium(O) species. 28, 2 9  
The thermal stability of the supported ethylene complex was 
determined by heating the impregnated alumina under vacuum. The 
supported ethylene complex (approximately 100 mg) was loaded into a 100-
mL round bottom flask and evacuated to 1 x 10-4 torr. The supported 
ethylene complex was gradually heated to 170 ° C and the pressure of the 
desorbed solvent molecules and/or dissociated ligands was monitored on a 
Penning ionization gauge. Figure 25 is a graph of the pressure vs . 
temperature for the supported ethylene complex. This graph shows a 
continuous rise in pressure from about 40 to 135 ° C. Also during this 
heating period, the color of the alumina turned from a dark yellow to a 
dark brown color. Color changes , during heating , are usually associated 
with the decomposition of a complex. The ESCA spectrum of the heated 
sample (Figure 26) is similar to that of the unheated complex (rhodium 
binding energy is 308 . 6  eV) ; however there is slight broadening of the 
rhodium photoelectron peaks. This broadening could be due to a mixture 
of oxidation states (rhodium (!) and rhodium(III)), but the exact iden­
tification of the oxidation states was difficult to ascertain . Based on 
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Figure 24 . ESCA spectrum of the decomposed rhodium ethylene complex . 
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Figure 26 . ESCA spectrum of the heated supported ethylene complex. 
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these observations, it is believed that the rise in pressure was due to 
the loss of bound solvent molecules and to a lesser extent the loss of 
ethylene with concomitant decomposition of the complex . 
The Soxlet extraction of the supported ethylene complex produced 
only a one percent recovery of the complex in the washes. This obser­
vation supports the assumption that the bulk of the complex is chemi­
sorbed ·to the alumina . The ESCA spectrum of the extracted sample 
(Figure 27) shows a very broad rhodium peak at 310 . 8  eV . · This broadness 
and change in rhodium binding energy suggests a change of oxidat�on 
state. The new oxidation state (or states) could not be determiRed 
because the broadness of the peak made curve fitting impossible . � 
The solid state 13c NMR spectr� of the pure ethylene comJlex 
(Figure 28) shows an isotropic signal at 59 ± 2 ppm which agrees 1well 
with the solution 13c NMR spectrum of the pure rhodium ethylene complex 
t 
(61 . 5 ppm, Figure 29). The solid state NMR spectrum of the supported 
ethylene complex (Figure 30) shows an isotropic signal at 57 ± 2 -ppm 
:f 
which is very similar to that of the solid state spectrum of the ·pure 
ethylene complex ( Figure 29) . Therefore , based on the solid state 
13c NMR data , the ethylene ligands of the supported ethylene complex 
appear to be in an environment similar to that of the pure ethylene 
complex in solution and in the solid state . 
3 .  Al2Q3-[Rh(u-Cl)(C0}2l2 - Exposure of PDA to the rhodium 
carbonyl complex yielded an orange-yellow alumina . The washes were 
colorless and no residue was observed after removal of the solvent . The 
attenuated total reflectance (ATR) IR spectrum of the supported carbonyl 
complex (Figure 31) shows two signals at 2098 and 2017 cm- 1 . These IR 
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Figure 27. ESCA spectrum of the extracted sample of the supported 
ethylene complex. 
Figure 28. Solid state 13c NMR spectrum of the pure ethylene complex 
(X- impurities associated with toluene ) .  
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Figure 30. Solid state 13c NMR spectrum of the supported ethylene 
complex. 
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bands agree with those reported by van' t Blik et ai. 30 (2095 and 2023 
cm-1 for the supported [Rh (µ-Cl)(C0)2]2) - The ESCA spectrum of the sup­
ported carbonyl complex (Figure 32) shows a very strong rhodium signal 
at 308 . 7  eV which is consistent with binding energies reported for other 
rhodium (!) species (see Table II) . This binding energy is also in good 
agreement with the rhodium binding energy van ' t  Blik and coworkers found 
for the supported carbonyl complex (308 . 6  eV) . However, the assignment 
of the rhodium binding energy 308 . 6  eV with the supported carbonyl 
complex has been questioned by Frederick et ai . 31 On the basis of their 
study of supported rhodium carbonyl complexes, Frederick et al . argue 
that the species observed _ by van ' t  Blik is actually a partially 
decarbonylated complex . 
In their study, Frederick et al . evaporated the rhodium carbonyl 
complex onto a cold carbon substrate (which was cooled to 170 K) . The 
cold substrate was used in order to slow down the rate of decarbonyl­
ation of the complex . The ESCA spectrum of the cold, supported carbonyl 
complex gave a binding energy of 309 . 7  eV and a stoichiometry of 2 . 0 :  
(2 . 8  ± 0 . 6) :  2 . 2 for rhodium, carbonyl, and chlorine, respectively . 
This stoichiometry represented a 25% loss of CO under the ultra high 
vacuum (UHV) conditions of the ESCA experiment . This result was then 
compared to the ESCA spectrum of the supported carbonyl complex at room 
temperature . The rhodium binding energy of the complex at room 
temperature was 308 . 6  eV, with a stoichiometry of 2 . 0 : 1 . 9 :  2 . 2 . The 
stoichiometry for the room temperature sample indicated that a 
significant amount of decarbonylation had occurred . Frederick et al . 
argue that the species van't Blik observes (with ESCA at room 
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Figure 32. ESCA spectrum of the supported carbonyl complex. 
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Table II 
Rhodium 3d(5/2) Binding Energies 
Complex Binding Energy, eV References 
Rh(O) 307.3 a 
Rh foil 307 . 0  b 
RhCl3 310 . 3 a 
[ Rh(µ -Cl)cod ] 2 308 . 1  a 
Al203- [ Rh(µ-Cl)cod] 2 309 . 1 a 
Al203- [Rh(µ-Cl)(C2H4)2 ] 2 308 . 5  a 
Al203- [ Rh(µ -Cl)(C0)2 ] 2 309.7 C 
Al203- [ Rh(µ -Cl)(C0)2 ] 2 308 . 7  a 
Al203 - [ Rh(µ - Cl)(C0)2 ] 2 308 . 6  b 
Al203 - [ Rh(µ -Cl)(C0) ] 2 308 . 6  C 
a This work 
b van ' t Blik , et . al . , J .  Am . Chem. Soc. , 107 , 3139- 3147 (1985) . 
c Frederick , et . al . , J .  Am. Chem. Soc. , 109 , 4797 - 4803 (1987) . 
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temperature) is actually the partially decarbonylated species and not 
the intact dimer studied with EXAFS (Extended X-Ray Absorption Fine 
Structure Spectroscopy) and other non-UHV techniques. Comparing the 
ESCA results of the supported carbonyl complex in this study with those 
found by Frederick et al . ,  it is conceivable that the supported carbonyl 
species is best described as a partially decarbonylated species with a 
stoichiometry of approximately 1 :  1 
(Rh : CO).  
B. Reactivity of Supported Rhodium Olefin Complexes 
The spectroscopic characterization described above suggests that 
the complex adsorbed to the surface is a rhodium olefin species which is 
similar to the pure complex. In order to determine more about the 
properties of the supported species, reactivity studies of the rhodium 
ethylene complex were examined . The types of reactions examined were 
ligand exchange and catalytic decomposition of diazoalkanes in the 
presence of excess olefins. 
1. Ligand Exchange Reactions . Exposure of the pure ethylene 
complex to 1, 5-cyclooctadiene ( cod) and carbon monoxide caused rap id 
exchange of ethylene for either ligand . The reaction of the ethylene 
complex with cod, in solution, produced a yellow precipitate almost 
immediately (the rhodium cod complex) . This fast exchange provided 
evidence for the !ability of the ethylene ligands . 
The supported ethylene complex was exposed to cod in toluene for 
0.5 hours. No dramatic color changes were observed. The ESCA spectrum 
of the reacted alumina (Figure 33) indicated that the supported species 
was still a rhodium(! ) complex because the rhodium binding energy 
6 8  
18 
9 
8 
1 I • 
Id 6 I 
\ Al 2p 
I\ 5 C 1 s  Id 
v 4  
I 
3 
2 
8 
358. 8  328.8 298 .8 268 . 8  238 . 8 288 . 8  118 . 8  148. 8 1 18.8 88. 8  'SI. I  
BINDIHS ENERGY, eU 
Figure 33. ESCA spectrum of the supported ethylene complex exposed to 
1 , 5-cyclooctadiene. 
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( 308. 5 eV) of the reacted supported ethylene complex was identical to 
that observed for the sample before ligand exchange. No direct evidence 
of the exchange was obtained from the ESCA spectra, therefore solid 
state 13c NMR. was used to study the supported ethylene complex exposed 
to 1, 5-cyclooctadiene. 
The solid state 13c NMR spectrum of the supported ethylene 
complex exposed to cod, in Figure 34, shows two isotropic signals 
associated with the cod ligand. The signal at 29. 0 ppm (labeled (a) ) is 
assigned to the aliphatic carbons and the signal at 75. 4 ppm (labeled 
(b) ) is assigned to the olefinic carbons. The chemical shifts are very 
similar to those found for the supported cod complex produced by 
exposing PDA to [Rh (µ-Cl)cod] 2. No signal at 59 ppm was observed for 
the supported ethylene complex exposed to cod. In order to show that 
the cod ligand was coordinated to the rhodium and not adsorbed to the 
alumina, PDA was exposed to 1 , 5-cyclooctadiene. The solid state 13c NMR 
spectrum of the exposed PDA showed no isotropic signals around 29 and 75 
ppm . Therefore based on the solid state 13c NMR data, it is believed 
that 1, 5 - cyclooctadiene displaces coordinated ethylene and coordinates 
to the supported ethylene complex. 
The pure ethylene complex also exchanges ethylene for carbon 
monoxide in solution, but the exchange occurs at a slower rate· than 
exchange of ethylene for cod. No precipitate was formed in this 
exchange reaction, but there was a noticeable change in the color of the 
reaction mixture (dark red to light red) . The IR spectrum (Figure 35) 
of the product, after removal of the solvent, confirmed that the 
exchange took place because carbonyl stretches were observed at 2110, 
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Figure 34. Solid state 13� NMR spectrum of the supported ethylene 
complex exposed to 1, 5 cyclooctadiene (a- aliphatic carbon�, b- olefinic 
carbons) . 
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Figure 3 5. IR spectrum of the pure ethylene complex after exposure to 
carbon monoxide. 
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2090, 2045, and 2035 cm-1 . 
The analogous reaction of the supported ethylene complex was 
found to be even slower than that of the pure complex in solution. The 
reaction , after being exposed to carbon monoxide for five hours, showed 
(IR spectrum) no sign of exchange . The attenuated total reflectance 
(ATR) IR spectrum of the supported complex (Figure 36) exposed to carbon 
monoxide for 2 3  hours indicated that the exchange had occurred. Two 
carbonyl stretches were observed at 2098 and 2017 cm-1 . These were 
assigned to the symmetric and antisymmetric stretching frequencies of 
the · rhodiwil carbonyl species containing [Rh(C0) 2 ] units . These stretch­
ing frequencies were not due to carbon monoxide adsorbed to the alumina 
surface because the ATR IR spectrum of PDA exposed to carbon monoxide 
showed no carbonyl stretches . The ESCA spectrum of the supported 
complex exposed to carbon monoxide for 23  hours (Figure 37) established 
that the surface species was still a rhodium(! ) complex . Therefore, the 
supported ethylene complex slowly exchanges ethylene for carbon 
monoxide . 
The unsaturated rhodium ethylene complex is believed to exchange 
coordinated ligands via an associative mechanism (see Figure 38 ) . This 
mechanism suggests that a mixed carbonyl-ethylene complex will be formed 
as an intermediate on the way to the fully exchanged product . In this 
mechanism, the carbon monoxide coordinates to the unsaturated rhodium 
ethylene complex displacing one ethylene molecule ; thus forming the 
mixed carbonyl-ethylene complex (2 ) . If the mixed complex is to be 
observed, the second exchange (2➔3) must be slow with respect to the 
first (1➔2) , i . e . k1 must be much greater than k2 . However, no evidence 
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Figure 36. Attenuated total reflectance IR spectrum of the supported 
ethylene complex after exposure to carbon monoxide. 
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Figure 37. ESCA spectrum of supported ethylene complex exposed to 
carbon monoxide for 23 hours. 
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complex. 
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for the mixed adduct was observed in the IR spectra of the 5 and 23 hour 
reactions . This result suggests that the second exchange is much faster 
than the first (i . e. k2 is much greater than k1) .  
2 . Catalytic Reactions . The catalytic reactivity of the sup­
ported ethylene complex was studied in order to compare its effective­
ness as a catalyst in the decomposition of diazoalkanes, to that of the 
pure ethylene complex in solution. The reaction of [Rh (µ-Cl) (C2H4)2]2 
with 4, 4 ' -dimethyldiazobenzophenone (4, 4 ' -DMBP) pr�duced the methanation 
product, 1, 1-di-R-tolylpropene. The formation of the 1, 1-di-R-tolylpro­
pene suggested that a carbene-olefin complex was formed in the reaction 
of the diazo species and the ethylene complex . The generally accepted 
mechanism for olefin metathesis involves the formation of a metallo­
cyclobutane moiety from an olefin and a metallocarbene (Figure 39) . The 
metallocarbene arises from the initial decomposition of the diazo 
compound by . the rhodium-ethylene complex. 32 
The generation of the metallocarbene is the initial step in the 
proposed mechanism for olefin metathesis (Figure 39) . In this mech­
anism, the metallocarbene in (4) couples with the coordinated ethylene 
to produce the metallocyclobutane complex (5). The metallocyclobutane 
complex can undergo a ring flipping vibration which will bring the 
p-hydrogen into close proximity to the metal center. This P-hydrogen 
can then migrate to the metal , forming the hydrido-K-allyl complex (6) . 
This complex can then undergo reductive-elimination to form the new 
olefin products {the methanation products) . If the reaction is run in 
an ethylene saturated solution , the unsaturated metal complex formed 
from the reductive-elimination coordinate another ethylene molecule from 
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the solution, thus regenerating the ethylene complex. 
The homogeneous reaction of the pure ethylene complex with a 10-
fold excess of 4, 4 ' -DMBP (added portion-wise)33 in an ethylene saturated 
solution required approximately eight hours to complete based on the 
disappearance of the characteristic red-violet color of the diazo com­
pound. Silica gel chromatography of the reaction mixture and spectro­
scopic characterization (1H NMR, 13c NMR, and mass spec : )  yielded l, l­
di-2-tolylpropene (85. 5% based on diazo) as the maj or product. 
The heterogeneous reaction of Al203 - [ Rh(µ-Cl)(C2H4)2 ] 2  with a 10-
fold excess of 4 � 4 ' -DMBP, in an ethylene saturated solution of toluene, 
took six hours to complete (again based on the disappearance of the red ­
violet color). The catalyst was filtered from the reaction mixture and 
the products purified by silica gel chromatography. Based on 1H and 
13c NMR spectroscopy, as well as mass spectroscopy, this reaction was 
found to produce l, l-di-2-tolylpropene in a 50% yield (based on the 
diazo adduct). 
Another product was observed in the heterogeneous reaction that 
was not present in the homogeneous reac tion . This  was di-2-tolyl­
methanol . In order to determine the origin of this product, 4, 4 ' -DMBP 
was exposed to partially dehydroxylated alumina in an ethylene saturated 
solution. The reaction took 31 hours to complete (based on the disap­
pearance of the red-violet color of the diazo). After filtration and 
recrystallization from warm hexanes, the fine white crystals were found 
to be di-2- tolylmethanol . It appears then, that this product is a 
result of a reaction between the diazoalkane and the alumina . 
The recovered catalyst was analyzed by ESCA to determine whether 
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a change in oxidation state had occurred. The ESCA spectrum of the 
reacted supported ethylene complex (Figure 40) shows a rhodium 3d (5/2) 
binding energy of 308. 5 eV which is identical to the rhodium binding 
energy of the unreacted catalyst. 
Since there was no apparent change in the reacted catalyst, it 
was reacted with another 10 - fold excess of 4, 4 ' -DMBP in an ethylene 
saturated solution. This reaction produced 1, 1-di-R-tolylpropene, but 
the yield (22%, based on the diazo adduct) was less than that observed 
for the previous reaction. This indicated that the catalyst still 
exhibited some reactivity in the methanation reaction. 
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The observed catalytic activity of the heterogeneous and homo­
geneous complexes prompted the question as to whether the complexes 
would accept, into the catalytic cycle, an external olefin that was not 
initially coordinated to the rhodium center . In order to test this 
hypothesis, the pure rhodium- ethylene complex was reacted with a 10-fold 
excess of 4, 4 ' -DMBP in a 100-fold excess of 1- octene in toluene. If the 
1- octene replaces the used ethylene as hypothesized, the observed 
methanation products should be 1, 1-di-Q-tolylnonene and 1, 1 -di-Q­
tolylpropene (one equivalent) . Figure 41 illustrates the catalytic 
cycle for the 1- octene reaction . The initial reaction involves the 
reaction between the diazoalkane and the coordinated ethylene. This 
eventually produces the 1, 1-di-R-tolylpropene . The formation of the 
1, 1-di-R- tolylpropene uses an ethylene ligand which should be replaced 
by an octene molecule since the reaction is being run in a 100-fold 
excess of 1- octene. This octene complex can then react with another 
equivalent of diazo to form the one carbon extended olefin . 
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Figure 40 . ESCA spectrum of the supported ethylene reacted with 4, 4 ' ­
dimethylbenzophenone. 
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The homogeneous reaction of the pure ethylene complex with a 10 -
fold excess of 4, 4 ' - DMBP in an 100 - fold excess of 1 -octene produced the 
1, 1 - di-R- tolylnonene in an 91 yield (based on the diazo adduct) and the 
1, 1-di-R- tolylpropene in a 71 yield (based on the diazo adduct). The 
overall yield of the two methanation products was considerably less than 
that observed for the same reaction with ethylene, which implied that 
the 1 -octene was not effectively incorporated into the catalytic cycle. 
The major product of this reaction was di-R-tolylbenzophenone azine (711 
yield based on the diazo adduct). The proposed mechanism for this 
product34 involves the formation of a rhodium ylide complex (3), (see 
Figure 42 ) . This ylide reacts with another diazo molecule to form the 
azine molecule. • The steric bulk of the octene ligand must hinder its 
ability to function as a ligand, therefore, the carbene - olefin coupling 
reaction is largely prevented. Under these conditions, the reaction of 
the diazoalkane and the rhodium ethylene complex shifts over to a 
carbene- diazo coupling reaction forming the azine. 
The heterogeneous reaction of the supported ethylene complex with 
a 10 - fold excess of 4 , 4 ' -DMBP in an 100 - fold excess of 1 - octene also 
produced the l, l-di-2-tolylnonene and the di-2-tolylbenzophenone azine. 
The overall yield of the methanation products (23% , based on diazo) was 
slightly greater than that of the homogeneous reaction. This difference 
appeared to be associated with the work up procedure and not a conse ­
quence of the reaction. The yield of the azine (261, based on the diazo 
adduct) was much less than that observed for the homogeneous reaction. 
This may be the result of the additional reaction between the diazo ­
alkane and the alumina surface because 17% of the reaction product 
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was the 1,1-di-R-tolylmethanol. 
Therefore, the catalytic activity of the supported ethylene 
complex is comparable to that of the pure ethylene complex � Even though 
the heterogeneous catalyst is not as efficient in catalytically 
decomposing diazoalkanes as the homogeneous catalyst, the fact that it 
can be easily separated from the reaction mixture and reused illustrates 
the attractiveness of hybrid catalysts. 
C. Summary and Conclusions 
The supported organorhodium complexes are reproducibly prepared 
by exposing a slurry of partially dehydroxylated alumina to the 
organorhodium complexes at room temperature. These complexes are found 
to be chemisorbed to the alumina surface and thermally stable to 
temperatures of 170-180° C. 
The rhodium 3d(S/2) binding energy of the supported rhodium cod 
complex is 309. 1 eV, which is similar to that found for the pure complex 
(308. 1 eV). This difference in the rhodium binding energy is ascribed 
to interactions between the metal and the alumina support. The solid 
s tate 13c NMR spectrum of this  supported complex shows two iso trop ic 
signals for the aliphatic and olefinic carbons which have chemical 
shifts similar to the pure complex in the solid state. 
The supported rhodium ethylene complex is more stable under ultra 
high vacuum conditions (UHV) than the non-supported complex because the 
pure ethylene complex decomposes under the UHV conditions of the ESCA. 
The ESCA spectrum of the supported ethylene complex shows a rhodium 
binding energy of 308. 5 eV. This binding energy is consistent with 
binding energies reported for other rhodium(!) species. 27 The solid 
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state 13c NMR spectrum of the supported ethyiene complex shows an 
isotropic signal at 57 ppm which is similar to the chemical shift 
observed for the pure ethylene complex in the solid state (59 ppm) . 
The results of the ESCA and attenuated total reflectance (ATR) IR 
studies of the supported rhodium carbonyl complex provide evidence that 
the intact dimer is bound to the surface of the alumina. The ATR IR 
spectrum of the supported carbonyl complex shows two carbonyl bands at 
2098 and 2017 cm- 1. The ESCA spectrum of the supported complex shows a 
rhodium binding energy of 308 . 8  eV . Both of these results agree with 
those reported by van't Blik and coworkers . 
The results of the spectroscopic characterization of the 
supported complexes suggest that the rhodium olefin complexes supported 
on alumina are structurally similar to the pure non -supported complexes . 
Also, the reactivity of the supported ethylene complex suggests that the 
supported complex is similar to the non -supported complex . The sup­
ported ethylene complex behaves like its solution analog, in exchange 
reactions with carbon monoxide and 1, 5 - cyclooctadiene, but differences 
in reactivity are observed for catalytic reactions . 
The reaction of the supported ethylene complex with a 10-fold 
excess of 4, 4'-dimethyldiazobenzophenone (4, 4'-DMBP) in an ethylene 
saturated solution exhibits catalytic activity . This complex produces a 
50% yield of the desired methanation product, l, l-di-2-tolylpropene ; 
however, the yield is much lower than that of the solution analog . This 
difference in reaction yield is associated with the reaction between the 
alumina and the diazoalkane, because the di -2-tolylmethanol has been 
observed for the catalytic decomposition of 4, 4' - DMBP by PDA . 
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The reaction mixture from the heterogenous reaction is much 
eas ier to work-up ,  because the supported catalyst can be filtered away 
from the reaction mixture . The analys is of the isolated catalyst by 
ESCA indicates that the supported complex does not undergo any oxidation 
state changes during the reaction . This result indicates that the 
complex on the surface remains a rhodium( ! )  species . Given this 
observation , the complex is reacted with another 10 -fold excess of 4 , 4 ' ­
DMBP in ethylene . This reaction again produces the methanation product , 
but the yield is even less than that observed for the previous reaction . 
However , the yield is not the important aspect of this reaction because 
it has been found that the supported complex continues to exhibit 
catalytic reactivity . 
The reaction of the supported ethylene complex with a 10 -fold 
excess of 4 , 4 ' -DMBP in an 100 -fold excess of 1 -octene also shows cataly­
tic activity because it produces 1 , 1 -di -R-tolylnonene and 1 , 1 -di -R­
tolylpropene (methanation products ) .  The yield of these products is 
substantially less than that observed for the same reaction run in an 
excess of ethylene ( 23% yield) . The maj or product of this reaction is  
not the methanation product , but instead it is di -R-tolylbenzophenone 
az ine . The presence of di -R-tolylbenzophenone az ine as the maj or 
product suggests that the abil ity of 1 - octene to act as a ligand is 
substantially reduced as compared to ethylene . However , the observation 
that some nonene product is formed suggests that olefin exchange does 
take place . These results suggest further studies of other olefins 
which are less sterically hindered to see if they may be more readily 
accepted into the catalytic cycle of the supported catalyst . 
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Two critical questions remain about the structure of the 
supported complexes. First , is the surface bound species the intact 
dimer and second , what is the mode of attachment of the complex to the 
alumina support? In order to answer these questions , Extended X-Ray 
Absorption Fine Structure ( EXAFS ) is being pursued . It is believed that 
EXAFS will provide direct answers to these questions . EXAFS should be 
able to ascertain whether the Rh-Rh distance remains the same as that in 
the non - supported complex , as well as determine whether chlorine is 
retained as a ligand in the supported complexes . Also , EXAFS should 
provide information about the rhodium- support interactions . 35 
The olefin exchange ab il ity of the supported ethylene complex , 
with other olefins , will be an interesting area to study first , because 
it will be a springboard to further catalytic studies . The results of 
the catalytic reactions with an excess of 1 -octene suggest that ligand 
exchange is hindered . In order to determine whether the exchange is 
hindered because of steric bulk , a study of olefins of different chain 
lengths will be necessary . With the results of this study , one can then 
incorporate the olefin that shows the best ligand exchange ab ility into 
the catalytic coupling reactions. 
Another interesting area to investigate , within the realm of 
catalytic reactions , is the reaction of the supported ethylene complex 
with diazoalkanes of differing sizes and types of substituents ( i . e. 
electron withdrawing groups , etc . ) . This will provide a better under ­
standing of how the reactivity of the supported ethylene complex is 
affected by changes in the structure and electronic nature of the 
diazoalkanes . 
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The loadings of the rhodium olefin complexes on alumina are quite 
low . Therefore it will be of interest to develop a method to increase. 
the weight percent loadings of the supported complexes . This increase 
could be beneficial in the catalytic reactivity studies because it would 
limit the amount of alumina surface area which could react with the 
diazoalkanes , thus reducing the methanol product . One possible method 
of increasing the percent loadings of the supported rhodium species is 
to expose partially dehydroxylated alumina to rhodium trichloride and to 
reduce this with hydrogen . The product of this reduction could then be 
exposed to ethylene to produce a supported rhodium ethylene complex . 
It is evident that this proj ect is important in the area of 
catalysis research . The potential of the supported ethylene complex as 
a useful catalyst in preparing substituted olefins by olefin meta­
thesis has been alluded to in this thesis . Therefore , exact structure 
determination of the supported complex is critical . It is hoped that 
the results of the EXAFS studies , as well as further reactivity studies , 
will provide the information needed to determine the potential of these 
complexes as catalysts . 
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APPENDIX 
SURFACE CALCUI.ATIONS 
Assume rhodium-ethylene bond is 2 . 00 A and the carbon-hydrogen 
bond distance is 1. 10 A. Then , 
A - wr2 
- K (4. 5 A) 2 
- 63. 62 A2 
63. 62 A2 x (1 x 10 - 16 cm2/ 1 A2) x 
(1 m2/ 1 x 104 cm2) - 6. 4 x 10-19 m2/ molecules Rh 
6. 4 x 10-19 m2/ molecules Rh x 
(6. 023 x 1023 molecules Rh/ moles Rh - 3. 85 x 105 m2/ mole Rh 
Assuming 50% coverage (�-alumina has a surface area of 
2 20 m2/g) , the surface area of the alumina is 110 m2/g. 
I. Surface calculation for the rhodium cyclooctadiene complex : 
(110 m2/ 1 g �-alumina) x (moles Rh/ 3. 85 x 105 m2) x 
(493. 35 g/ moles Rh) - 0. 141 g/ 1 g �-alumina 
Since the complex is a dinuclear : 
(0 . 141 g/ 1 g �-alumina) x 1/2 - 0. 071 g/ 1 g 7-alumina 
II . Surface calculation for the rhodium ethylene complex : 
(110 m2/ 1 g 7-alumina) x (moles Rh/ 3. 85 x 105 m2 ) x 
(388. 93 g/ moles Rh) - 0. 111 g/ 1 g �-alumina 
Since the complex is a dinuclear : 
(0. 111 g/ 1 g 7-alumina) x 1/2 - 0. 056 g/ 1 g �-alumina 
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